Abstract. In this study, liquid crystalline nanoparticles (LCN) have been proposed as new carrier for topical delivery of finasteride (FNS) in the treatment of androgenetic alopecia. To evaluate the potential of this nanocarrier, FNS-loaded LCN was prepared by ultrasonication method and characterized for size, shape, in vitro release, and skin permeation-retention properties. The particle size ranged from 153.8 to 170.2 nm with a cubical shape and exhibited controlled release profile with less than 20% of the drug released in the first 24 h. The release profile was significantly altered with addition of different additives. Formulation with lower monoolein exhibited higher skin permeation with a flux rate of 0.061± 0.005 μgcm −2 h −1 in 24 h. The permeation however, significantly increased with glycerol, propylene glycol, and polyethylene glycol 400, while it declined for the addition of oleic acid. A similar trend was observed with skin retention study. In conclusion, FNS-loaded LCN could be advocated as a viable alternative for oral administration of the drug.
INTRODUCTION
Androgenetic alopecia (AGA) is a common form of hair loss in both men and women caused by progressive miniaturization of scalp hair follicles. In AGA, scalp hair follicles exhibit increased level and activity of 5α-reductase which converts testosterone to dihydrotestosterone (DHT) (1, 2) . Finasteride (FNS), a synthetic 4-aza-3-oxosteroid compound with poor aqueous solubility, blocks the peripheral conversion of testosterone to DHT, resulting in a significant reduction in DHT concentration (3, 4) . However, oral administration of FNS may result in systemic side effects including mood disturbance, gynecomastia, decreased libido, erectile dysfunction, and ejaculation disorder (5, 6) . In this regard, topical route is considered a promising approach to target the drug to the site of action and minimize the unwanted side effects (7) . However, the skin has evolved to be a highly effective barrier against exogenous aggressions and particles penetration.
Various nanoparticulate systems have been developed that can penetrate into the scalp skin and hair follicle openings to deliver the drug of interest (8) . Liquid crystalline nanoparticles (LCN) based on monoolein (MO) have received great attention by virtue of their ability to act as nanocarriers for drugs, such as nicotine, salbutamol, acyclovir, peptides, proteins, and others (9) (10) (11) (12) (13) . MO is a nontoxic, biodegradable, and biocompatible material (GRAS status) which can arrange itself into different ordered arrays (cubic phase and hexagonal phase) depending on water content, temperature, and presence of solutes (14) . Furthermore, LCN has been previously demonstrated to enhance the permeation of drugs, such as indomethacin, and diclofenac upon topical application of the LCN (15) (16) (17) . Liquid crystalline phases of MO, such as cubic phases, present interesting properties for a topical delivery system such as they (1) are bioadhesive, (2) act as a permeation enhancer (by promoting ceramide extraction and enhancement of lipid fluidity) (18) , and (3) afford the ability to encapsulate compounds independent of their solubility, protecting them from physical and enzymatic degradation, and control their delivery (19) (20) (21) . In particular, topical delivery of FNS was previously studied by simply incorporating it into a hydrogel base that resulted in low permeation and less therapeutic effect (22, 23) . In addition, topical delivery of FNS was studied by using various traditional lipid carriers. In this regard, negatively charged liposomes and niosomes of FNS were prepared and evaluated for its follicular deposition in the pilosebaceous units of hamster flank skin and ears (24) . Very recently, our group demonstrated a liposomal system for the topical delivery of FNS, which however resulted only in moderate efficacy due to a limited penetration (25) .
Thus, despite many investigations, none have reached the skin pharmaceutical market due to drawbacks mentioned above, necessitating a need for a system which can effectively permeate and retain the therapeutic moiety with a controlled release profile. Hence, in this work, we investigate the incorporation of FNS in LCN which is stabilized by poloxamer 407. Furthermore, with a view to understand the effect of additives on its physicochemical property and permeation parameters, we have investigated the influence of glycerol (GL), oleic acid (OA), propylene glycol (PG), and polyethylene glycol 400 (PEG). The aim was to assess the feasibility of LCN for topical delivery and more importantly to formulate a nanocarrier with enhanced permeation and retention for the potential application in AGA. To the best of our knowledge, no reports on delivery of FNS via LCN exist in the literature, to date.
MATERIALS
FNS was kindly donated from Dong-A Pharmaceutical Co., South Korea. MO was received as a gift from Danisco Japan (Tokyo, Japan). Poloxamer 407 was purchased from BASF (Ludwigshafen, Germany). Dialysis membrane was purchased from Spectrum Laboratories Inc (Rancho Dominguez, CA). All other chemicals were of analytical grade and used without further purification.
METHODS

Preparation of FNS-loaded LCN
The nanoparticles were prepared with slight modification of previously reported method (26) , and the formula is given in Table I . The appropriate amount of MO was melted at 45°C, and FNS was added with vortexing for 1 min. In another glass vial, poloxamer 407 of different concentration was dissolved in water and heated at the same temperature. Poloxamer 407 solution was added to the melted MO with vortexing and equilibrated at ambient temperature for 24 h. The same method was used to prepare formulations with varied amount of MO and additives. Additives were added either to poloxamer solution or melted MO in the above mentioned method. GL was added to poloxamer solution and others (OA, PG, and PEG) were added to melted MO solution. Finally, the dispersion was subjected to sonication for 30 min using bath type sonicator (Cole-Parmer Ultrasonic 8893, Vernon Hills, IL) at 42,000 Hz.
Characterization of FNS-loaded LCN
Dynamic Light Scattering
The average hydrodynamic diameter (size) and polydispersity index (PDI) of FNS-loaded nanoparticles were assessed at 25°C by a high performance dynamic light scattering device (Zetasizer ZS, Malvern Instruments, UK) at a fixed angle of 90°. The dispersion was suitably diluted with distilled water (18.2 MΩcm ).
Transmission Electron Microscopy
The morphology of FNS-loaded LCN was examined using a transmission electron microscope (Hitachi 7600, Tokyo, Japan) at an accelerating voltage of 100 kV. Briefly, a drop of nanoparticle dispersion was applied on a carbon-coated copper grid and left for 1 min to allow particle adherence to substrate. A drop of 1% phosphotungstic acid solution was then applied as a negative stain followed by air-drying at room temperature.
Encapsulation Efficiency
FNS was quantified by HPLC method described elsewhere (25) . Briefly, the HPLC system (Shimadzu) equipped with LC 20AD pump, SPD 20A UV-vis detector at 210 nm and SIL 20A prominence autosampler. The column used was Inertsil ODS-3 (4.6×150 mm, GL Science, Japan) and mobile phase consisted of mixture of acetonitrile and water (60:40 (v/v), pH adjusted to 2.8 with orthophosphoric acid). Ibuprofen was used as internal standard, and injection volume was 20 μl with flow rate of 1 ml/min. HPLC assay validation was performed five times a day for five consecutive days in the range of 0.05-50 μg/ml concentration. The amount of FNS encapsulated into nanoparticles was determined by ultrafiltration method using a specialized ultrafilter tube (Amicon Ultra-4, MWCO 10,000 g/mol, Billerica, MA). Briefly, 1 ml of nanoparticle dispersion was transferred to the upper chamber of ultrafiltration tube and centrifuged at 2,500×g for 15 min. Then, the filtrate containing free FNS was analyzed using HPLC. The EE was calculated from the following equation.
of FNS in the filtrate
In Vitro Drug Release Study
The in vitro drug release was evaluated by Franz diffusion cell using Spectra/Por® regenerated cellulose membrane of MWCO 10,000 g/mol (surface area of 2.1 cm 2 ). FNS dispersion equivalent to 500 μg of drug was placed in the donor compartment, and receptor compartment was filled with 10 ml of 20% (v/v) ethanol solution to maintain sink condition. FNS dissolved in 20% ethanol solution was used as control. Samples (500 μl) were withdrawn at fixed time intervals (1, 2, 3, 6, 12, and 24 h) from the receptor compartment. Samples were then analyzed by HPLC as mention above.
In Vitro Skin Permeation and Retention
Animal care and procedures were carried out according to the guidelines established for animal use in toxicology (Society of Toxicology USP 1989). The study protocol was approved by Animal Care and Use Committee, College of Pharmacy, Gachon University. A Franz diffusion cell with diffusion area of 2.1 cm 2 was used for skin permeation and retention study. Dorsal skin of 7-week-old male hairless mice was excised after killing with excess anesthesia. The adhering fat was carefully removed and washed with saline to remove extraneous debris. The skin was placed horizontally with stratum corneum facing the donor compartment. The receptor compartments were filled with 10 ml of 20% (v/v) ethanol solution, and it was maintained homogenous using stirring magnetic bar. The temperature of receptor compartment was maintained at 37°C throughout the experiment.
FNS-loaded LCN dispersion and control, equivalent to 500 μg of FNS were applied onto the skin. Serial samplings were collected at a predetermined time interval (1, 2, 3, 6, 12, and 24 h), and replaced with the same amount of fresh medium. Skin retention of FNS was determined at the end of permeation study. Briefly, skin was minced (with surgical scalpel) and added to a glass vial containing 5 ml of ethanol water mixture (3:2, v/v) and homogenized (Ultra-Turrax T25 Basic, Germany) for 10 min under ice bath. The supernatant was centrifuged (Eppendorf 5415 D) at 12,000×g for 5 min. Then, the upper layer was mixed with same volume of absolute ethanol and vortexed for 30 s, followed by centrifugation at 16,000×g. The filtrate was analyzed by HPLC as mentioned above.
Statistical Analysis
All the data obtained were analyzed by Student's t test using SPSS software (version 10). Data are presented as mean±standard deviation. A value of p<0.05 was considered statistically significant.
RESULTS
Hydrodynamic Size and PDI
The average particle size of all the formulations without additives were in the range of 153.8-170.2 nm with narrow size distribution (PDI≤0.26). There was no significant difference in the particle size between formulations prepared with various concentration of poloxamer 407 (F1-F5). Additives impact on the particle size was investigated. All the additives showed negligible or insignificant influence on size with the exception of OA. OA addition caused significant increase in the size of the LCN (>220 nm).
The PDI values were lower than 0.3, suggesting narrow size distribution and suitability of preparation method employed in this study. While PDI increased with the addition of additives, it remained in the range which indicates monodispersed dispersion. Typical particle size distribution of FNSloaded LCN is shown in Fig. 1a .
Morphological Imaging
Transmission electron microscopy (TEM) revealed discrete and monodispersed nanoparticles in consistent with the dynamic light scattering characterization. The nanoparticle appears like cubical structure which indicates the formation of cubic phases of liquid crystalline system. TEM image clearly shows that the particles possess multiple black dots, which represent phosphotungstic acid-stained water channels. Furthermore, drug incorporation did not influence the size of the nanoparticles and the particles are well separated with no apparent signs of aggregation (Fig. 1b, c) .
Encapsulation Efficiency
EE of all the formulations were more than 98% (Table I) . This implies that most of the drug was encapsulated in the LCN. Although particle size was significantly increased when OA was added, there was no significant influence on EE probably because of extremely high encapsulation of the drug.
In Vitro Drug Release Study Figure 2a illustrates the difference in release rate of FNS from formulations with varying surfactant concentrations. The release was found to be similar at all the concentrations of surfactant. The nanoparticles showed a controlled release profile for FNS comparing to control which released more than 80% of the drug within 24 h of the study period. In contrast to surfactant, slow drug release was observed with increase in the MO amount (Fig. 2b) . The release of FNS increased with the addition of 10% and 20% of GL in comparison to formulation MO 9 (Fig. 2c) . Similarly, the FNS release increased with the addition of PG and PEG (Fig. 2e, f) . However, the release decreased significantly with the addition of 5% and 10% OA, (Fig. 2d, p<0.05 ). Kinetic parameters for drug release from the LCN are summarized in Table II .
In Vitro Skin Permeation and Retention
In the present study, skin permeation was carried out with Franz diffusion cell using excised male mice skin. Overall, the skin permeation of FNS-loaded LCN was high compared with control. Permeation parameters and percentage of drug at the end of the permeation study are summarized in Table III . FNS permeation declined with the further increase in the amount of MO. In line with this findings, Q cum and J flux were significantly less for MO 9 (prepared with highest MO concentration), compared with MO 1 and MO 2 prepared with lower MO concentration (p<0.01). The permeation of formulations prepared with additives was compared with MO 9. As anticipated, GL, PG, and PEG increased the drug permeation while OA decreased cumulative permeation of drug. The drug permeation through the skin followed zero-order kinetics with controlled release (Table III) .
DISCUSSION
Despite the market abundance of commercially available dermo-cosmetic agent claiming miraculous elimination of AGA, overwhelming limitations continue to exit till this date (27) . In this regard, oral FNS is indicated for the treatment of AGA. However, since oral administration of FNS may result in systemic side effects, it was hypothesized that topical delivery of FNS might be effective in treating AGA. Hence, we aimed to formulate a system that would provide topical delivery of FNS while eliminating potential drawbacks. In order to maintain high skin retention in scalp and enable lower dosing frequency, we prepared FNS-loaded LCN as new controlled delivery systems.
Herein, we have successfully prepared FNS-loaded LCN by the ultrasonication method via optimizing several key process and formulation variables. In this study, poloxamer 407 was used in the weight percentage of 2.5-20% (w/w; F1-F5) with respect to MO. Aforementioned surfactant ranges were selected based on the previous research in this area which suggests a formation of stable nanoparticles (28, 29) . Among the various formulations, there was no significant difference in the particle size which is consistent with our previous observation (30) . This could be because poloxamer 407 covered the whole nanoparticle surface at the lowest concentration. Additionally, poloxamer 407 has been shown not to affect the internal structure of the system. This might be explained by the fact that poloxamer 407 being a large molecule is excluded from the water channels while the cubic structure was forming (28, 31) .
TEM is a useful tool to examine the morphology and nanostructural characteristic of the dispersed nanoparticles. The appearance of numerous black dots in the particles confirms the formation of liquid crystalline phase (32, 33) . The high EE of FNS in the LCN could be due to the high lipophilic properties of MO and FNS that tends to encapsulate the drug in the lipid bi-layer of nanoparticles.
Many parameters influence the drug release from nanoparticles. Among all, surfactant plays a pivotal role in the stability of nanoparticles and hence the release as it gets anchored at the interface of lipid bi-layer and aqueous phase (28, 29, 31) . However, there was no significant difference in the present study. This implies that the surfactant covers the whole nanoparticle surface even at the lowest concentration (34) . Thus, a further increase in the surfactant level did not have any influence on the release profile. However, the release was slowed down in proportion to the amount of MO.
The delayed release appears to be attributed to slow diffusion of FNS from lipid bi-layer which strongly holds the drug within hydrophobic domain of the bi-layer. In the present study, the release of drug from the liquid crystalline matrices formed with GL, OA, PG, and PEG were assessed. Increase in the release was observed with addition of GL, PG, and PEG. The increased release may be attributed to less hydrophobic microenvironment inside the nanoparticles caused by the additives, which favors the quick escape of drug from the lipid bi-layer to aqueous phase. PG and PEG partition well into the lipid and aqueous interfacial domains and affect the internal curvature of liquid crystalline phase by allowing to swell the aqueous pore, and hence faster release of drug (35, 36) . The decrease in the release with addition of OA may be due to increase in the hydrophobicity of the formulation owing to an increase in the apparent hydrophobic volume of lipid transforming the mesophase (37) . Electrostatic interaction due to the presence of OA may also affect the curvature of lipid bi-layer and eventually change the average surface area of lipid head group. This leads to a change in monoglyceride molecular packing and causes a transition from cubic to hexagonal phase (38, 39) .
To describe the kinetics of drug release from LCN dispersion, mathematical modeling has been proposed. Briefly, zero-order describes a system where drug release is independent of its concentration, while a first-order model describes a concentration-dependent one. In the Higuchi model, drug release from an insoluble matrix is directly proportional to the square root of time (10) . Release data were fitted to various mathematical models such as zero order, first order, Higuchi, and Korsmeyer-Peppas to examine the path and mechanism of drug release. All formulations seem to follow a Higuchi model for the drug release based on the higher r 2 values (r 2 >0.976) compared with the other three kinetic models examined (Table II) . Therefore, it appears that in-vitro release of FNS from the LCN dispersion is primarily governed by diffusionbased mechanism, where the release decreased with time owing to an increase in the diffusional path length. However, in vitro skin permeation study revealed zero order kinetics probably due to complex structure of the skin compared to the cellulose membrane used in release study.
Formulations with varied amount of MO showed increase in the permeation of drug compared with control due to the better penetrability of MO through the skin (40) . In this study, the additives were considered as useful strategic approach in developing topical delivery. Additives were selected to study Each value represents the mean±SD (n03) MO monoolein, P407 poloxamer 407, GL glycerol, OA oleic acid, PG propylene glycol, PEG polyethylene glycol 400, Q cum cumulative amount of FNS permeated in 24 h, T L lag time, ER enhancement ratio of Q cum compared with control (FNS dissolved in 20% ethanol solution) *p<0.05; **p<0.01; ***p<0.001-compared with control; ****p<0.05; *****p<0.01; ******p<0.001-compared with MO 9 its influence on cumulative release, skin permeation, and retention. The addition of GL, PG, and PEG increased the permeation of FNS which is consistent with the other researcher's findings. For example, cyclosporin A dissolved in formulations containing higher proportions of PG resulted in increased topical delivery (41) (42) (43) . Kwon and Kim demonstrated a higher flux for minoxidil when MO was formulated with PG (33) . This was attributed to the fact that PG permeates into skin and helps the skin absorb the drug. In addition, PG also exhibited the co-solvent effect which could increase thermodynamic activity of drug in the vehicle due to its volatile property. Despite the fact that OA is a powerful penetration enhancer, it resulted in lower permeability. This is probably because much of the OA incorporated was retained within the lipophilic area of LCN, resulting in poor permeability enhancing effect (44) . Consistent with skin permeation study, skin retention of FNS increased significantly with lower MO content and with incorporation of additives (40, 42) . One of the reasons why the skin retention of drug was high when FNS-loaded LCN was coformulated with additives may be that these could act as cosolvents for FNS absorption within the skin (44) .
CONCLUSIONS
Present study demonstrates that drug release, permeation, and retention of FNS-loaded LCN were controllable by the amount of MO and additives. The encouraging results obtained from this study advocate that liquid crystalline system could be proposed as a viable alternative for the oral administration of FNS. This finding may open new door to formulate LCN for potential applications in dermo-cosmetic and pharmaceutical fields.
